The study evaluated the in vitro impact of a series of aminophosphinic urease inhibitors on Proteusmirabilis. The group of compounds comprised structurally diverse analogues of diamidophosphate built on an N-C-P scaffold. The influence of urease inhibition on urea-splitting activity was assessed by whole-cell pH-static kinetic measurements. The potential to prevent struvite formation was determined by monitoring changes in pH and ionic composition of artificial urine medium during P. mirabilis growth. The most active compounds exhibited stronger positive effect on urine stability than the acknowledged inhibitor acetohydroxamic acid. The high antiureolytic and pH-stabilizing effect of urease inhibitors 4 and 14 was well correlated with their reported kinetic properties against pure urease from P. mirabilis (K i values of 0.62±0.09 and 0.202±0.057 µM, respectively, compared to 5.7±0.4 µM for acetohydroxamic acid). The effect of repressed ureolysis upon the viability of Proteus cells was studied using MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] metabolic efficiency assay and LIVE/DEAD fluorescent staining. Most of the compounds caused whole-cell dehydrogenase activity loss; four structures (1, 2, 4 and 14) reduced the culture viability by nearly 70 % at 1 mM concentration. Results of dual fluorescent staining suggested that besides urea-splitting prevention, the structures additionally exerted an outer-membrane-destabilizing effect.
INTRODUCTION
The misguided use of antimicrobials in human medicine and food animal production has become the cause of the dramatic emergence of multiply resistant pathogens. The rise of meticillin-resistant Staphylococcus aureus and vancomycin-resistant enterococci in the first years of the twenty-first century stimulated a feverish search concentrated on combating Gram-positive strains (Rice, 2006) . The new classes of synthetic bactericidal agents like oxazolidinones and peptide deformylase inhibitors are, however, ineffective against Gram-negative micro-organisms. The development of antibiotics against Gram-negative pathogens was neglected, which has led to the inevitable spread of resistance (Gootz, 2006) . This includes antimicrobial-resistant Enterobacteriaceae, the most common causative agents of community-acquired and hospital-onset urinary tract infections (Chomarat, 2000; Zhanel et al., 2005; Lee et al., 2015) . As the antibiotic options against these infections have become increasingly limited, strategies that would complement antibiotherapy are being intensively investigated. In Proteus species involved in colonization of the urinary tract, the expression of urease constitutes a matter of concern (Konieczna et al., 2012; Stickler, 2014) . The control of urease catalytic efficiency has gained much interest as a possible treatment approach (Follmer, 2010) . As urease is a metalloenzyme containing two nickel ions in its active site, hydroxamic acids became important pharmacophores due to strong metal-chelating abilities and satisfactory stability (Boer et al., 2014; Marmion et al., 2004; Muri et al., 2002) . The desired interactions with the enzyme catalytic centre were demonstrated in the crystal structure of acetohydroxamic acid (AHA) in a complex with the Bacillus pasteurii urease (Benini et al., 2000) . AHA was approved by the Food and Drug Administration in 1983 to treat urinary tract infections by preventing urine alkalization (Griffith et al., 1991) . This compound, however, exhibits severe clinical toxicity, such as teratogenicity, psychoneurologic and musculo/integumentary symptoms and haemolytic anaemia (Bailie et al., 1986) .
Amides and esters of phosphoric acid constitute the group of urease inhibitors with the highest activity among all classes of compounds investigated. Their structural core -diamidophosphate -resembles the tetrahedral transition state of the urea cleavage reaction (Benini et al., 1999) . Despite the promising inhibitory properties, this group of compounds did not gain much recognition as therapeutic agents due to low hydrolytic stability and susceptibility to acidic environment (Kosikowska & Berlicki, 2011) .
In recent years, phosphono-functionalized analogues of diamidophosphate were developed by using computer-aided techniques based on the crystal structure of B. pasteurii urease (Vassiliou et al., 2008) . The goal was to obtain highly stable urease inhibitors built upon the N-C-P scaffold. Thus, a family of aminophosphinic acids was designed bearing various structural modifications on the N-and P-termini, including P-methylphosphinates, P-hydroxymethylphosphinates, thiophosphinic acids and a range of N-substituted aminomethylphoshonic acids. Among them, several potent inhibitors of bacterial urease were found (Vassiliou et al., 2010 (Vassiliou et al., , 2012 Berlicki et al., 2012) . Most recently, a more extended scaffold, namely bis(aminomethyl)phosphinic acid, was successfully exploited, which allowed the selection of a highly active structure aminomethyl(N-n-hexylaminomethyl)phosphinic acid. Its inhibitory efficiency (K i ) against urease purified from Sporosarcina pasteurii and Proteus mirabilis was 0.108±0.016 and 0.202±0.057 µM, respectively, which was one order of magnitude lower than the K i determined for AHA (Macegoniuk et al., 2015) . In this study, we investigated the ability of aminophosphinic inhibitors of urease to reduce ureolytic activity of P. mirabilis in the whole-cell system. It was also shown that some of the studied inhibitors affect P. mirabilis viability owing to urease inhibition as well as outer-membrane permeabilization.
METHODS
Compounds. The studied inhibitors were synthesized in the Department of Bioorganic Chemistry, Wrocław University of Technology and the Laboratory of Organic Chemistry, University of Athens, Greece. Synthesis and purification procedures were published -compounds 8-21 (Macegoniuk et al., 2015) , compounds 1 and 2 , compounds 3 and 4 (Vassiliou et al., 2008) compounds 5 and 6 (Vassiliou et al., 2010) and compound 7 (Vassiliou et al., 2012) . AHA was purchased from Sigma-Aldrich.
Bacterial strain and growth conditions. P. mirabilis strain PCM543 was obtained from the Polish Collection of Microorganisms (Polish Academy of Science, Wrocław, Poland). The strain was maintained on Nutrient LAB-Agar (Biocorp) at 35 C. Liquid cultures were carried out at 35 C in LB (Luria-Bertani) medium (pH 7.0). For urease production, an overnight LB culture was enriched with filter sterilized urea and nickel chloride solution (final concentration 2 % and 1 µM, respectively); the culture was grown for an additional 24 h. The enzyme activity was manifested by a pH increase in the medium to above 8.0. Artificial urine composition was a modification of the recipe of Brooks & Keevil (1997) . Sodium citrate was replaced by 0.5 % glucose to avoid interference due to citrate interacting with the urease active site (Benini et al., 2013) . Ammonium chloride was omitted to reduce background.
MTT bacterial viability assay. MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] was obtained from SigmaAldrich. The MTT assay was conducted according to the microplate protocol described elsewhere (Grela et al., 2015) . The test was performed using ureolitically active cells after 24 h incubation with inhibitors in synthetic urine. Ten microlitres of MTT solution was added into the well containing 90 µl of bacterial cell suspension in PBS. For a standard test, 10 7 -10 8 c.f.u. ml À1 was used. Mixtures were incubated for an hour at 37 C on an ELMI DTS-4 SkyLine orbitary shaker at 300 r.p.m. The assay was stopped with 100 µl acidic isopropanol added directly into the reaction mixture (without well aspiration), and plates were further incubated for an hour to solubilize crystallized MTT-formazan product. Plates were read at 550 nm with an TECAN-Sunrise absorbance reader equipped with gradient filter and Magellan software. The results were calculated as the percentage of viable cells relative to control containing untreated cells.
Whole-cell urease assays. Activity of Proteus cells expressed as level of ammonia release from urea was determined using colorimetric microplate assay based on Berthelot reaction. Cells harvested after 20 h growth in LB containing urea were serially diluted in saline to obtain OD 650 0.1 (10 8 c.f.u. ml
À1
). Urease was assayed in 96-well Eppendorf polypropylene microplates in 100 µl mixture containing cation-adjusted Mueller-Hinton broth (pH 7.0) and 10 µl cell suspension. The reactions were started with the simultaneous addition of the examined inhibitors (0.01-2.0 mM final concentration in the reaction mixture) and urea solution (100 mM final concentration). The microplates were placed in an ELMI SkyLine thermostatic incubator at 37 C with gentle stirring (120 r.p.m.). The reactions were stopped, and ammonia was quantified by subsequent addition of phenol/nitroprusside and NaOH/hypochlorite solutions (100 µl each) (Chaney & Marbach, 1962) . The colour developed for 30 min, and the plates were read at 650 nm using the TECAN Sunrise microplate reader. Ureolysis was also followed under pH-static conditions as the amount of defined HCl solution needed to maintain preset pH. Cells collected by centrifugation (5000 g, 15 min) from urea-grown culture were washed with buffered peptone water and suspended in Mueller-Hinton broth at OD 650 0.5. After addition of concentrated urea solution (300 mM final), urease reaction was titrated with HCl solution in deionized water prepared from Titrafix concentrated volumetric solution (POCh). The course of titration was followed for up to 3 h in 1.5 ml cell suspension using Titroline 7000 with N6003 pHmetric microelectrode (SI Analytics). The SD for the reported values was calculated using the OriginPro 9.0 software (OriginLab) as the mean of three independent experiments performed in triplicate.
Fluorescent staining. The integrity of Proteus cells exposed to urease inhibitors was determined by fluorescence staining using the LIVE/ DEAD BacLight L-7012 kit by Molecular Probes (Invitrogen, Life Technologies). The procedures of purifying cell suspension and staining were performed according to the manufacturer's instructions. Reference samples containing dead bacterial cells were prepared by 1 h incubation in 70 % isopropanol and washing twice with filtered deionized water. OD 600 nm of purified P. mirabilis suspensions was adjusted to 0.5 McFarland standard (approximately 1.5Â10 8 c.f.u. ml À1 ) with water. One hundred microlitre aliquots were subject to staining in 96-well untreated white polystyrene microplates from Corning. Fluorescence was read with a SpectraMax Gemini XPS fluorescence microplate reader and Softmax Pro software [excitation wavelength (lE x ) of~485 nm, emission wavelength (lE m ) of~530 and 630 nm for green and red fluorescence, respectively]. Results were quantified as green to red fluorescence ratio in comparison to control consisting of defined percentage of living and compromised cells.
For microscopy, 5 µl of the cell suspension stained according to the manufacturer's instructions was trapped between a glass slide and coverslip and observed with an LED fluorescence EUROStar III Plus Microscope (EUROIMMUN) and recorded with LuCam software.
Artificial urine stability analyses. Aliquots of urine cultures were centrifuged at 10 000 g for 20 min to collect precipitate for further examination. Supernatants were passed through 0.2 µm cellulose filters to remove remaining insoluble debris. Concentration of solubilized inorganic phosphate in culture liquid was quantified using colorimetric malachite green assay as described elsewhere (Forlani, 1997) . Ammonium concentration was quantified with phenol-hypochlorite assay as described above. Reported values are means of at least three replicates. The presence of phosphates in the culture precipitates was confirmed with 31 P-NMR after solubilization with 0.5 % deuterium chloride solution in deuterium oxide (Merck). Microscopic observations of the precipitated matter were performed with a DM-111 Motic digital microscope.
RESULTS AND DISCUSSION
The uninhibited growth of P. mirabilis PCM543 in synthetic urine was characterized by a rapid alkalization of the culture medium. The starting pH 5.7 rose up to 9.6 within 6 h incubation. After this time, the cell population ceased to develop as shown by plate counts, but the medium density continued to increase due to the formation of significant amounts of heterogeneous sediment. Light microscope observations of the sediment samples revealed the presence of amorphous aggregates mixed with large crystalline deposits. The characteristic X-shaped morphology of the crystals (Fig. 1a) suggested that the material could be formed of struvite (magnesium ammonium phosphate hexahydrate, MgNH 4 PO 4 .6H 2 O). Alkalization of urine leads to the increase in PO 4 3À , NH 4 + and CO 3 2À levels, which in the presence of divalent cations promotes precipitation of struvite and carbonate apatite. As described in crystallographic studies concerning the formation of stones in the urinary tract, Xshaped struvite crystals are formed when urine pH increases very rapidly, and this occurs during infection with bacterial strains possessing urease (Prywer et al., 2012) .
The concentration of solubilized inorganic phosphate in artificial urine decreased by nearly 40 % (from 14 to 8.8 mM) during 24 h of P. mirabilis PCM543 growth.
31
P-NMR analysis of redissolved precipitate samples confirmed the presence of inorganic phosphate in the crystallized material. It was observed that clouding of the medium and the precipitation process continued with time even after bacterial growth stopped due to unfavourable alkalization.
The effect of ureolysis repression on artificial urine stability during P. mirabilis growth was studied using aminomethyland bis(aminomethyl)phosphinic acid derivatives of defined inhibitory activity towards bacterial urease (Fig. 2) . The chosen compounds comprised structures of diverse potency against purified enzyme as reported previously by Macegoniuk et al. (2015) . The analysed group of urease inhibitors was created over the past few years as an outcome of computeraided optimization of the structures of aminomethylphosphonic and aminomethyl(P-methyl)phosphinic acid-derived inhibitors of the enzyme. This effort resulted in small unextended molecules (such as compounds 1 and 2) as well as in a range of derivatives of bis(aminomethyl)phosphinic acid bearing symmetrical and asymmetrical extensions (compounds 8-21). The derivatives of aminophosphonic acid are generally considered nontoxic mimetics of amino acids with versatile biological utility as enzyme inhibitors (Mucha et al., 2011; Oleksyszyn, 2000) . The studied compounds containing an N- Whole-cell P. mirabilis urease inhibition C-P core are structurally related to the widely used herbicide N-phosphonomethylglycine and its natural metabolite aminomethylphosphonic acid. They are characterized with advantageous water solubility up to 50 mM and extreme hydrolytical stability in acid [at least 7 days in pH 2 for compound 14, as reported by Macegoniuk et al. (2015) ].
Urea splitting in vitro was evaluated by monitoring pH and ion composition of artificial urine containing Proteus culture (Table 1 ). Most of the tested inhibitors reduced the amount of released ammonia and thus prevented pH increase to a level of 9.6 observed in untreated culture. In the presence of 12 inhibitors at 1 mM concentration, progressive changes in pH during 24 h incubation did not exceed 2 units.
Moreover, the most effective compounds 2, 4 and 14 allowed the urine pH to be maintained near the starting value of 5.7. They appeared to be more effective than the generally recognized inhibitor AHA. In artificial urine containing 1 mM AHA, pH reached 7.8 and the ureolytic activity of cells exhibited around 42 % of the control. pH alteration coupled with soluble inorganic phosphate depletion was also markedly lower in cultures cultivated with inhibitory additives for 24 h. This effect was concentration dependent as shown in Fig. 3 . Although the concentration of inhibitory compounds necessary for limiting urea decomposition by intact Proteus cells was noticeably high, these compounds were more effective than AHA.
The amount of precipitate and microscopic appearance of crystalline contents differed depending on the efficiency of urease inhibition. When using 0.5 mM compound 14, pH was kept nearly stable, and after 8 h incubation, little amorphous sediment was formed, while in the cultures containing AHA at 0.5 mM concentration, crystals characteristic of early struvite formation were visible (Fig. 1b, c) . Vassiliou et al., 2010 Vassiliou et al., , 2012 Berlicki et al., 2012; Macegoniuk et al., 2015) . †IC 50 parameter for ammonia release inhibition. ‡Preserved ureolytic activity calculated from pH-static titrations in Mueller-Hinton broth. §Percentage of viability expressed as dehydrogenase activity in MTT assay. ||Bacterially induced changes in synthetic urine ion composition and level of alkalization. ( ‡, §, || Assays were performed using 24 h culture in synthetic urine containing urease inhibitors at 1 mM concentration.)
The activity of P. mirabilis PCM543 was followed over time in mixtures containing washed cells and inhibitor 4 without former preincubation with the inhibitory compound (Fig. 4) . After an initial burst, urease activity stabilized in untreated controls, while gradual repression of ureolysis was observed withinhibitor 4 even at 0.01 mM concentration.
The inhibitory potency of the studied compounds towards bacterial urease was reflected in the ability to prevent urine destabilization in the artificial model used. We observed that the ammonium generation in dense P. mirabilis suspensions (OD 650 0.5) was intensive enough to raise the pH of urine above 9 within a period as short as 1 h. To assess urease deactivation in assays containing living cells, urease reaction needed to be followed for at least equal time to allow the inhibitor interaction with intracellular enzyme. A drastic change in pH during the test could influence cells' condition and thus might give false indication of urease inhibition. On the other hand, inhibitory properties of the compounds could be altered under changing alkalinity as well. Also, activity evaluations based on the determination of ammonia concentration would be inaccurate, since part of the ammonia released from urea in artificial urine would precipitate in the form of struvite. Thus, to ensure stable test conditions, the efficiency of enzyme repression was measured as the amount of acid needed to maintain pHstatic conditions in cell suspensions in Mueller-Hinton broth in the presence of urea (Fig. 5) . pH level was set at 7.0 to provide optimal environment for Proteus cells and urease activity. Table 1 collates the degree of urease inhibition determined in the titrated reactions with alterations in artificial urine properties observed during incubation of P. mirabilis in the presence of 1 mM compounds. A high degree of accord could be noted between the two modes of determining the impact of the studied compounds upon urease.
The high anti-ureolytic and pH-stabilizing effect of urease inhibitors 4 and 14 (IC 50 values of 10±2 and 15±2 µM) was well correlated with their kinetic properties against pure urease from P. mirabilis (K i values of 0.62±0.09 µM and 0.202±0.057 µM, respectively, compared to 5.7±0.4 µM for AHA). However, this was not a rule for all of the tested compounds, which suggested structure-dependent differences in their cell envelope diffusibility. Moreover, some of the structures classified as weak inhibitors or possessing no inhibitory properties against the enzyme preparations (like compound 16) also exerted negative effect on urea decomposition by P. mirabilis PCM543 (Table 1) . Thus, the influence of aminophosphinates upon the strain viability in artificial urine was subsequently assayed. As the optical density was not a reliable measure of the culture growth due to Whole-cell P. mirabilis urease inhibition the precipitation occurring in the medium, the popular colorimetric MTT assay was conducted in cell suspensions containing urea and inhibitors. This test is based on bacteria dehydrogenase activity and may be an indicator of both viability and culture density under certain conditions. In several cases, decrease of bacteria viability in artificial urine after 24 h growth in the presence of compounds was observed. This was not solely due to the reduction of urea nitrogen availability, as 170 mM urea constituted the main but not sole nitrogen source in the artificial urine composition. Good examples of disparity of urease inhibition and per cent of preserved culture viability can be noted in assays containing compounds 4, 7, 10, 14 and 15 (Table 1) .
To complement the experiment results, fluorescent staining was performed using the LIVE/DEAD BacLight stain kit (Molecular Probes). A red fluorescent membrane integrity indicator (propidium iodide) was used simultaneously with a total nucleic acid green fluorescent stain (SYTO 9) to visualize purified cell populations grown for 24 h in synthetic urine in the presence of 1 mM compounds. The majority of obtained results (Table 2) were in good accordance with cell population assessments based on the yield of enzymatic MTT reduction (Table 1) . However, it is noticeable that in some cases, the viability loss determined with the LIVE/DEAD fluorescence kit was not directly proportional to the decrease of urea decomposition. Also, for compounds 4, 8, 13, 14 and 15, the viability was significantly lower than evaluated with the MTT assay in analogous cultures. The exposure to urease inhibitors in artificial urine actually led to a reduction in cell population because of nitrogen restriction, but the viability decrease, assayed using propidium iodide, could be overestimated due to partial permeabilization of the cell envelope. This most likely could occur in the presence of compound 8 and its alkyl derivatives, which possess structural features of amphiphiles.
In the present paper, the effectiveness of a series of structurally diverse derivatives of aminomethylphosphonic and aminomethyl(P-methyl)phosphinic acids in reducing whole-cell bacterial ureolysis was confirmed. This was previously reported only for N-methylaminomethane-P-methylphosphinic acid (compound 3) and N,N-dimethylaminomethane-P-methylphosphinic acid (compound 4) . Among the studied compounds, there were structures which exhibited stronger inhibitory properties towards P. mirabilis ureolysis than acknowledged urease inhibitor AHA. They prevented ionic destabilization of artificial urine and bacterially induced struvite precipitation. In turn, the repressed urea decomposition resulted in the reduction of the microbial population growth. We assume that inhibitors with amphiphilic structure additionally exerted a permeabilizing effect which could enhance their ability to interact with intracellular enzyme. Two of the studied compounds deserve special attention, namely N,N-dimethylaminomethane-Pmethylphosphinic acid (compound 4) and aminomethyl(Nn-hexylaminomethyl)phosphinic acid (compound 14). These highly potent P. mirabilis urease inhibitors (K i , 0.62 and 0.202 µM against urease purified from P. mirabilis) demonstrated the most remarkable activity in restricting Proteus cell ureolytic activity. 
